The effect of the chlorogenic acid isomer 5-O-caffeoylquinic acid (5-CQA) on digestion of 30 potato starch by porcine pancreatic alpha amylase (PPAA) was investigated using isolated 31 starch and cooked potato tuber as substrates. In vitro digestion was performed on five varieties 32 
 Chlorogenic acid inhibits the digestion of isolated potato starch both competitively and 23 non-competitively. 24  Five commercial potato varieties were analysed for phenolic content and starch 25 digestibility. 26  Digestibility is affected by multiple factors including phenolic, dry matter and starch 27 content. 28
Abstract: 29
The effect of the chlorogenic acid isomer 5-O-caffeoylquinic acid (5-CQA) on digestion of 30 potato starch by porcine pancreatic alpha amylase (PPAA) was investigated using isolated 31 starch and cooked potato tuber as substrates. In vitro digestion was performed on five varieties 32 of potato with varying phenolic content. Co-and pre-incubation of PPAA with 5-CQA 33 significantly reduced PPAA activity in a dose dependent manner with an IC50 value of about 34 2 mg mL -1 . Lineweaver-Burk plots indicated that 5-CQA exerts a mixed type inhibition as km 35 increased and Vmax decreased. The total polyphenol content (TPC) of peeled tuber tissue ranged 36 from 320.59 to 528.94 mg 100g -1 dry weight (DW) in raw tubers and 282.03 to 543.96 mg 37 that varieties prepared by boiling for 15 min showed a wide variation in GI values, ranging 60 from 56 for Marfona to 94 for Maris Peer. Henry postulated that the difference was related to 61 their texture, with waxy potatoes having a medium GI and floury potatoes having a high GI. 62
We postulate that some of these differences may be attributed to the presence of endogenous 63 polyphenolic substances acting as -amylase inhibitors in the digestive tract. 64
Pancreatic alpha amylase is an endoglycosidase enzyme that has a significant role in 65 carbohydrate digestion. It has been shown that inhibitors of -amylase reduce bioavailability 66 of glucose (Bozzetto et al., 2015) . Controlling blood glucose level by -amylase inhibitors 67 may play a role in preventing hyperglycaemia in patients with diabetes mellitus. Some -68 amylase inhibitors are naturally present in foods. Potato tubers contain many plant secondary 69 metabolites including phenolics, carotenoids and polyamines. Their content and compositionmarkets in Leeds, UK. Maris piper has creamy flesh and golden yellow skin; Maris peer has 98 creamy flesh and skin; Désirée, Rooster and Mozart have reddish pink skin and light yellow 99 flesh. Three potatoes from each variety were rinsed with water and dried with a paper towel. 100
Then the potatoes were peeled to remove skin and cortex, cut into cubes (1 cm 3 ) and separated 101 into 100 g batches. Potatoes cubes were placed into a steam pan and cooked for 30 min at 102 boiling temperature. Cooked potatoes were mashed by using a fork and used for enzymatic 103 digestion. The remaining raw and steam cooked mashed potato was immediately frozen at -80 104 °C, freeze dried and stored at -80°C for analysis of TPC and phenolic acid composition. 105
Analyses were repeated at least three times with three batches of potato. 106
In vitro digestion of potato starch in presence of chlorogenic acid 107
The activity of PPAA (16 U/mg, Sigma Aldrich) enzyme on hydrolysis potato starch in the 108 presence and absence of 5-CQA (Sigma Aldrich; PubChem CID 12310830) was examined by 109 the method of Brenfeld (1955) and Kazeem, Adamson and Ogunwande (2013) with some 110 modifications. One percent (w/v) soluble potato starch (Sigma Aldrich) was suspended in 111 20mM sodium phosphate buffer pH 6.9 buffer containing 6.7mM NaCl and gelatinized for 15 112 min at 90 °C then allowed to cool to 37 o C before addition of PPAA at a concentration of 0.33 113 U ml -1 . The reaction was followed at 37 o C for up to 20 minutes. 5-CQA (final concentration 114 1.5 mg mL -1 ) was either added to the enzyme-substrate mixture at the start of the reaction or 115 was pre-incubated for 10 minutes with the enzyme prior to addition of the substrate. All 116 reactions were carried out in four replicates. Reducing sugar released was measured at two 117 reaction times (5 and 20 min) using the 3, 5-dinitrosalicylic acid (DNS; Sigma Aldrich)and pH was neutralised with 0.2M NaOH. Glucose in the supernatant was measured using the 143 DNS method. Glucose amount was converted to starch by multiplying by a factor 0.9. 144
Determination of free sugar content 145
Free sugar content was determined in order to correct the TS value in potato samples. Potato 146 samples, 200 mg of raw or cooked tuber, were homogenized in 6 mL sodium acetate buffer 147 (pH=4.75) and then centrifuged for 10 min. Soluble sugars were determined using the DNS 148 method and high performance anion exchange chromatography with pulsed amperometric 149 detection. 150
High performance anion exchange chromatography with pulsed amperometric detection 151 (HPAEC-PAD) 152
Sugar solutions (glucose, fructose, sucrose, maltose and maltotriose, all from Sigma Aldrich) 153 were used as standards at concentrations of 0-0.2 g mL -1 . Samples and standards were spiked 154 with internal standard (fucose, final concentration of 0.05 g mL -1 ). Samples were filtered 155 through PTFE membrane filters (0.2 µm pore size, Chromacol Ltd) and analyzed by HPAEC-156 PAD (Thermo Fisher DX500 instrument equipped with a GP40 gradient pump, ED40 157 electrochemical detector including gold working and silver reference electrodes and a LC20 158 column oven set at 30 o C). The analytical column used was CarboPac PA20 (3×150mm) with 159 guard (3×30mm) with anion exchange capacities of 65 eq/column. The mobile phase was 200 160 mM NaOH and the flow rate was 0.4 mL/min. Injections (10 µL) were made by an AS500 161 autosampler. The elution programme was as follows: isocratic elution with 60mM NaOH from 162 0 to 8 min, followed by increasing gradient up to 140 mM NaOH to 17 min. The concentration 163 was reduced back to 60mM and equilibration was carried out for 6 min. 164 dried for 48 hours. The moisture content was calculated as percentage of weight loss. Dry 167 matter (DM) was calculated from the remaining dry yield. 168
In vitro starch hydrolysis of steam cooked potato 169
In order to test the hypothesis that the TPC affects the digestibility of starch in potato varieties, 170 in vitro digestibility of different verities of potato were carried out. Steam cooked tubers from 171 potato varieties (10 mg total starch mL -1 ) with different TPC levels were digested using PPAA 172 (0.66 unit mL -1 ) for up to 180 min at 37 o C in a shaking water bath (75 rpm). 173
In addition, we also performed sequential digestion with AMG (60 µl of AMG (184 U) from 174
Aspergillus niger, Sigma Aldrich) following PPAA digestion to degrade all digestion products 175 to glucose. Before AMG digestion, the pH was adjusted to 4.75 and digestion performed for 176 30 min at 37 o C in a shaking water bath (75 rpm). Digestion products were detected using the 177 DNS method and HPAEC-PAD. 178
Determination of total polyphenol content (TPC) 179
The method of extraction was adapted from Shakya and Navarre (2006) . Phenolic compounds 180 were extracted in four replicates taken from freeze dried raw and cooked potatoes. Freeze-dried 181 powder (200 mg) was mixed with 1.5 mL of extraction buffer (50% MeOH, 2.5% 182 metaphosphoric acid, 1 mM EDTA, chilled to 4 o C) and 500 mg of glass beads (1.0 mm in 183 diameter; Fisher Scientific). Tubes were shaken with a vortex for 10 min at room temperature 184
and then sonicated at 10 °C for 10 min. After sonication, tubes were shaken again with a vortex 185 for 10 min. Tubes were centrifuged at 2500 g at 4 o C for 10 minutes and the supernatant was 186 transferred to a clean tube. Extractions were repeated three times and supernatants combined. window. An independent sample t-test was used to compare amylase activity in presence or 215 absence of chlorogenic acid. One way ANOVA was used to analyse the differences between 216 varieties in terms of compositon and digestibility, and also to test the effect of cooking on 217 phenolic content. Differences were considered to be statistically significant when p≤0.05. 218
Pearson correlations were performed between composition factors and AUC values. reported for millet seed coat extract using potato starch as substrate (Shobana, Sreerama and 258
Malleshi, 2009). 259
The inhibitory activity of phenolic acids is enhanced with increasing the number of phenolic 260 sub-structures. The inhibitory effect of caffeic acid was enhanced 5-fold by combining withto inhibit PPAA activity on potato starch in both competitive and non-competitive manners. 263
Total phenolic content 264
The TPC of raw and cooked peeled potato samples is shown in potato in our study after steam cooking is in accordance with some published reports. The 292 increased levels could be due to the release by cooking of phenolic or other compounds (Tian, 293 Chen, Ye, Chen, 2016). 294
One of the disadvantages of the TPC assay using Folin-Ciocalteau reagent is the low level of 295 specificity. For instance, the reagent reacts with ascorbic acid and tyrosine, both abundant in 296 potatoes. It has been reported that the ascorbic acid response to the Folin-Ciocalteau reagent is 297 two times higher than gallic acid (Lachman, Hamouz, Sulc, Orsak and Dvorak, 2008). 298
Therefore, results using TPC values need to be interpreted with caution. To address the non-299 specificity, the individual phenolic acids in potato extracts were identified using HPLC-DAD-300 MS (typical chromatogram in supplementary material 1). 5-CQA was the predominant 301 phenolic acid in the flesh of raw and cooked potatoes. Other minor peaks were also observed 302 but not quantified. The content of 5-CQA in raw potato ranged from the lowest in Désirée 303 (10.36 mg 100 g -1 DW) to highest in Maris Piper (29.46 mg 100 g -1 DW) (table 2). In cooked 304 tuber, the 5-CQA content was lowest in Rooster (6.51 mg 100 g -1 DW) and highest in Maris 305
Piper (21.24 mg 100 g-1 DW). Similar to the effects of cooking on TPC, steam cooking 306 significantly decreased the 5-CQA level of all potatoes tested (p≤0.05), except Désirée which 307 saw an increase. 5-CQA in cooked Désirée was 1.7 time higher than in raw potato (p≤0.05). 308
The level of chlorogenic acids in 50 unpeeled potato genotypes was reported by Navarre, Pillai, HPLC results indicate that TPC content overestimates potato phenolic content but is still used 318 in many studies. 319
In vitro starch hydrolysis of steam cooked potato 320
Hydrolysis of potato starch by PPAA was monitored by measuring the reducing sugar produced 321 at different times using the DNS colorimetric method and the maltose content by HPAEC-PAD 322 (typical chromatogram in supplementary material). The amount of sugar detected after PPAA 323 hydrolysis was around 1.5 times higher using the DNS method than using HPAEC-PAD. This 324 can be explained by DNS reacting with oligosaccharides produced by amylase digestion that 325 can react with DNS (Van der Maarel, Van der Veen, Uitdehaag, Leemhuis and Dijkhuizen, 326
2002, Nigam and Singh, 1995, Robyt and Whelan, 1972) . AMG was used to digest PPAA 327 digestion products to glucose (figure 2) and in this case DNS and HPAEC-PAD gave similar 328 results (data not shown). Using HPAEC-PAD, free soluble sugars including glucose, fructose 329 and sucrose were detected at low levels at time 0 (supplementary material and table 2). While 330 after hydrolysis by PPAA, maltose and maltotriose were detected as products of digestion 331 (supplementary material) and after AMG digestion, glucose was the only product (not shown). 332
The HPAEC-PAD also showed that the PPAA preparation contains sucrose, most probably as 333 a stabiliser and this needs to be corrected for. Sucrose does react with DNS and therefore it is 334 important to undertake a blank correction of the enzyme preparation. Enzymatic kits were not 335
(data not shown). 337
The area under the curve (AUC) for the in vitro digestion reactions with PPAA and 338 PPAA+AMG were calculated for each potato type (table 3) 
Conclusions: 368
This study is the first to examine the mechanism of inhibition of pancreatic alpha amylase by 369 5-CQA using potato starch as a substrate. Kinetic analyses showed a mixed-type inhibition, 370
with stronger inhibition at earlier incubation times (5 min compared to 20 min). In vitro 371 digestion of cooked potato tubers showed that the 5-CQA content in tubers is probably too low 372 to affect PPAA digestion, but a significant effect was observed when AMG was also used. The 373 inhibitory effect of 5-CQA on multiple carbohydrate digestive enzymes needs further 374
investigation. 375
The results presented in this paper suggest that multiple factors affect potato digestibility, and 376 the effects may be variety specific. Testing a higher number of varieties is required and 377 ultimately testing the digestibility of the varieties in vivo will also confirm whether these 378 observations have biological significance. Table 3 . Composition of peeled potatoes in terms of carbohydrate content (total starch (TS) 518 and free sugars), and area under curve (AUC) of hydrolysed starch in cooked tubers. AUCPPAA 519 is AUC for starch hydrolysed by porcine pancreatic alpha amylase (PPAA) alone, while 520 AUCPPAA+AMG is for starch hydrolysed by PPAA followed by amyloglucosidase (AMG). 592  593  594  595  596  597  598  599  600 
